I. INTRODUCTION
Iron, the fourth most abundant element in the Earth's crust, is oxidized under ambient conditions forming several stable Fe oxides and hydroxides. 1 The Fe oxides differ in the concentration, distribution, and oxidation state of Fe cations in interstitial sites of a close-packed oxygen anion lattice. 1 3+ and Fe 2+ cations present in an inversespinel structure [standard formula AB 2 O 4 ; see Fig. 1(a) ]. Fe 3+ cations (denoted FeA; blue in Fig. 1 ) occupy one-eighth of the tetrahedral sites, while a 1:1 mixture of Fe 2+ and Fe 3+ fills half of the octahedral sites (FeB, yellow). The mixed valence of Fe 3 O 4 leads to several interesting and useful phenomena including ferrimagnetism 1 and redox surface chemistry, 2 while band structure calculations predict room-temperature halfmetallicity. 3 The surface properties play an important role in many applications including geochemistry, corrosion science, weathering, biomedicine, and heterogeneous catalysis. 1, [4] [5] [6] At the Fe 3 O 4 (111) surface, three distinct terminations are observed, exposing either a close-packed oxygen plane, FeA, or FeB atoms. 7 Which of these terminations is manifested is highly dependent on the sample preparation conditions and multiple terminations can exist concurrently, [6] [7] [8] [9] making quantitative interpretation of data from surface averaging techniques difficult. The oxygen termination has been shown to be inert toward adsorbates such as H 2 O and CCl 4 , whereas cation terminations introduce reactivity. 8, 9 For the (001) surface, early work proposed surface terminations with ordered oxygen vacancies or Fe adatoms, partly to explain the ( √ 2 × √ 2)R45 • symmetry observed in lowenergy electron diffraction (LEED) images, [10] [11] [12] and partly to satisfy charge compensation arguments. From a purely ionic point of view, Fe 3 O 4 (001) is a Tasker type 3 surface, 13 and thus significant reconstruction is expected. 14 However, such considerations are not necessarily valid for Fe 3 O 4 , which is metallic at RT. It has since been established that a nominally polar B-layer termination is energetically favorable over a wide range of O chemical potentials [15] [16] [17] [top surface in Fig. 1 (a); top view shown in Fig. 1(b) ]. This surface is stabilized by a subtle lattice distortion (lateral relaxations of the order 0.1Å), and theoretical calculations (DFT + U ) predict coupling of the lattice strains to subsurface charge and orbital order. [15] [16] [17] The model is consistent with undulating rows of FeB(S) atoms observed in scanning tunnelling microscopy (STM) images, 10, 18, 19 the surface band gap of 0.2 eV, 20 and the structure of surface antiphase domain boundaries. 21 In what follows, the label (S) denotes atoms in the surface layer and (S-1) the first subsurface layer, including both FeA and FeB (see Fig. 1 ). The concentration of surface defects (Fe adatoms 22 and O vacancies 19 ) on the sputter-annealed-oxidized surface of a single crystal is typically less than 1% under ultrahigh vacuum (UHV) conditions.
In a recent publication 22 we reported a metastable 0.5 ML FeA termination, in which Fe atoms occupy FeA-like sites consistent with a continuation of the bulk structure. The FeA(S) site, labeled n in Fig. 1(b) , is twofold coordinated to O(S) atoms. In the bulk, FeA atoms are fourfold coordinated [see Fig. 1(a) ]. Reduction of the surface was achieved through the preferential removal of oxygen during Ar + bombardment, a procedure that led to a significant roughening of the surface, making it difficult to image using STM. However, small areas appeared to exhibit so-called "Fe-dimers." 12, 17, 23 Since the Fe dimer was centered on the same ( √ 2 × √ 2)R45 • sublattice as the FeA(S) protrusions, we proposed the Fe dimer to straddle the FeA(S) site [i.e., Fe atoms occupy positions on either side of the n site, as indicated by the dark blue broken circles in Fig. 1(b) ], rather than straddle a subsurface FeA(S-1) site as suggested previously. 12, 17, 23 Heating above 500 • C, the surface was reoxidized via bulk-surface diffusion and the distorted B-layer termination with larger terraces was recovered.
In this paper we investigate the surface phase diagram of Fe 3 O 4 (001) towards the Fe-rich limit by directly depositing Fe onto the distorted B-layer surface. This procedure allows tight, reproducible control of the surface stoichiometry, while maintaining the large terraces of the as prepared distorted B-layer surface. Using this approach we synthesize several stable reduced terminations, including a complete Fe-dimer termination and an FeO(001)-like termination. XPS measurements and DFT + U calculations show that the Fe-rich surface phases contain mainly Fe 2+ . DFT + U calculations provide insight on the energetic stability of the experimentally observed configurations and their structural, electronic, and magnetic properties. In particular, we show that the "Fe dimer" is the result of a conversion from tetrahedral to octahedral coordination, and that no Fe-Fe bond is formed.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
STM and x-ray photoelectron spectroscopy (XPS) experiments were conducted in an ultrahigh vacuum (UHV) system, consisting of two vessels for sample preparation and analysis, with a base pressure of 1 × 10 −10 mbar and 7 × 10 −11 mbar, respectively. STM measurements were carried out with electrochemically etched W tips in the constantcurrent mode imaging empty states at room temperature (RT) (V sample = + 0.6 to + 1.2 V and I tunnel = 0.2 to 0.36 nA). A synthetic Fe 3 O 4 (001) single crystal was used in this study, cut and polished by MaTeck GmbH from a single crystal bar grown using the floating zone method by Mao and co-workers at Tulane University. 24 The distorted B-layer termination was prepared in situ by cycles of Ar + sputtering (1 keV; I sample = ∼1 μA), followed by annealing at 923 K for 1 h in 2 × 10 −6 mbar O 2 backpressure. The annealing was performed by electron beam bombardment of the backside of the Mo sample plate. Fe was evaporated from a 2-mm-thick rod (99.99 + %, MaTeck GmbH), heated by electron bombardment; the amount of evaporated material was calibrated by a quartz crystal microbalance, and for very low Fe coverages, by STM. The Fe deposition rate was 0.05 ML/s, where 1 ML is defined as two extra atoms per ( √ 2 × √ 2)R45 • unit cell or 2.84 × 10 14 atoms/cm 2 . This definition is chosen since two Fe atoms per unit cell are equivalent to a bulk truncation at the A layer [see Fig. 1(a) ]. During deposition, the pressure in the preparation chamber was in the low 10 −9 mbar range. Fe deposition was done at RT and 573 K, measured using a calibrated IR pyrometer.
Density functional theory (DFT) calculations were performed using the FP-LAPW (full potential linear augmented plane wave) method in the WIEN2k 25 implementation. The generalized gradient approximation (GGA) 26 of the exchange-correlation potential is used. The influence of electronic correlations beyond GGA is considered within the LDA/GGA + U 27 method, applying U = 5 eV and J = 1 eV, similar to values used for bulk Fe 3 O 4 . 28, 29 The surfaces are modeled using symmetric slabs containing seven B and six A layers with additional iron deposited on the surface depending on the coverage. The slabs are separated by at least 10Å from their periodic images to avoid spurious interactions. For further details on the calculations the reader is referred to Refs. 16,30 and 31. Figure 2 shows the surface phase diagram of Fe 3 O 4 (001) obtained in the framework of ab initio atomistic thermodynamics. 32 Over a broad range of oxygen chemical potentials the phase diagram is dominated by the distorted B-layer termination [see Fig. 1 (b)], as reported previously. 16, 17 Under reducing conditions (−2.89 < μ 0 < −2.44) a surface termination with oxygen vacancies (B + V O ) and a B layer with additional tetrahedral Fe in every second surface site (0.5 ML FeA termination) are predicted to compete with a difference in stability of (0.7-2.9) meV/Å 2 . Towards the Fe-rich limit, the DFT calculations show that our model of the 1 ML Fe-dimer termination (which differs from that considered in prior studies) is energetically favorable over a 1 ML FeA termination. As demonstrated below, the "Fe dimer" arises from a switching of the cation coordination from tetrahedral to octahedral; no direct Fe-Fe bond is formed [see In experiment, isolated Fe adatoms, deposited at RT, occupy FeA(S)-like sites as expected on the basis of our previous observations. 22 Figure 3 after deposition of 0.025 ML Fe on the distorted B layer at RT. The characteristic undulating FeB(S) rows of the substrate are clearly observed. 10, 18, 19, 22 Hydroxyl groups [elongated protrusions on the FeB(S) row 18, 19 ], formed via highly efficient dissociation of water in the surface oxygen vacancies, 19 occur with similar coverage to a freshly prepared distorted B-layer surface. The deposited Fe atoms appear as 0.025 ML bright protrusions between the FeB(S) rows 22 [see the yellow circles in Fig. 3(a) ]. In the inset of Fig. 3 (a) we show a high-resolution STM image of one such protrusion. All FeA atoms occupy the narrow n site, as found previously for other adsorbates such as H, 18, 19 Au, 33 and Pd. 34 Diffusion of the surface FeA(S) is rare at RT, but was observed occasionally between neighboring n sites along the FeB row direction.
III. RESULTS

A. Fe-rich terminations of the Fe 3 O 4 (001)-Structure
For Fe coverages in excess of ∼0.5 ML at RT, Fe clusters appear. Figure 3 compared to 1.07Å in a truncated bulk), causing the neighboring oxygen atoms to relax away to a separation of 3.63Å (bulk separation = 2.85Å). The neighboring FeB(S) atoms also relax away from the FeA(S), increasing their separation to 6.21Å (bulk separation = 5.94Å). This configuration, in which the FeA(S) atom relaxes into the surface and the neighboring atoms relax away in the plane, was obtained irrespective of whether the additional Fe atom is initially placed at either the n or w FeA site of the distorted B-layer surface.
The calculated surface phase diagram (Fig. 2) indicates that the Fe-dimer termination is favored over the 0.5 ML FeA termination in strongly reducing conditions, suggesting a thermal barrier inhibits its formation at RT. The surface shown in Fig. 4 (a) (0.8 ML Fe deposited at RT) results from flash annealing the surface seen in Fig. 3(b) 96Å) . The calculations indicate that no Fe-Fe bond is formed within the "Fe dimer." While another notation, e.g., "octahedral pair" would probably be a more accurate description of this motif, we continue to refer to this configuration as Fe dimers, in agreement with the nomenclature used in the literature. 12, 23 As for the 0.5 ML FeA surface, the calculation converges to a similar final result irrespective of whether the Fe atoms are initially placed in the w or n site.
Further deposition of Fe leads to the occupation of all octahedral sites in the surface oxygen lattice, and the formation of an FeO(001)-like surface layer. Figure 5 (a), acquired following deposition of 2 ML Fe at 573 K, exhibits two distinct terminations. Some areas exhibit the Fe-dimer termination, as described above, while other areas exhibit a square lattice. The interface between the two regions is smooth and the FeB(S) rows are continuous over the boundary. This suggests occupation of the remaining two octahedral sites that remained empty in the Fe-dimer termination; such a surface layer has an FeO stoichiometry. The FeO-like areas contain significant structural defects, possibly related to the mismatch in the Fe-O bond length in FeO (2.17Å) and Fe 3 O 4 (2.14Å). Note that the visible additional Fe is significantly less than the 2 ML nominally deposited. Most likely, some Fe diffuses into the subsurface or bulk of the sample when deposited at 573 K; Fe diffusion at this temperature was observed previously. 22 The relaxed DFT + U structure of the FeO(001) termination in Fig. 5(b) reveals a strong buckling (0.48Å) between the original FeB(S) rows and the additional FeB(S)-like atoms (hereafter denoted FeB * (S)). Along the surface FeB(S) rows a modulation of the FeB-FeB distance occurs in both the original and new FeB * (S) rows, with alternating shorter (2.87Å) and longer (3.08-3.10Å) bonds. The presence of the FeO layer pushes the subsurface FeA(S-1) towards the next B layer (S-1), resulting in shorter FeA(S-1)-O(S-1) bond lengths of 1.81Å, and significantly longer ones to surface oxygen (2.36Å). The O(S)-FeB(S-1) bond lengths are also elongated to ∼2.38-2.41Å compared to 2.06Å in bulk.
B. Fe-rich terminations of Fe 3 O 4 (001)-Electronic structure
In addition to the structural parameters, the DFT + U calculations reveal an interesting electronic structure. In Fig. 6 the total and projected density of states, split into majority While the surface layer remains insulating for all presented terminations (only for the 0.5 ML FeA structure there is a localized state pinned at E F ), half-metallic behavior is observed for all but the B-layer termination in the deeper layers due to incomplete charge localization. (b) Blue and red represent the two different spin orientations. A spherical spin distribution indicates an Fe 3+ ion with a 3d 5 occupation and deviations from the spherical shape indicates an Fe 2+ with a 3d 6 occupation. In the B-layer all FeB(S) are Fe 3+ . With increasing Fe coverage a progressive reduction to Fe 2+ takes place. Note that for the "Fe dimer" and FeO terminations the surface layer is completely Fe 2+ .
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and minority spin components, is plotted for each stable termination. In addition, a perspective view model of each configuration is presented, in which red and blue constant density contours denote the spin density of FeB and FeA respectively, with antiparallel magnetic moments. Deviations from the spherical spin density distribution (as in the highspin 3d 5 configuration of Fe 3+ ) indicate sites with Fe 2+ character. Small, light blue spheres represent oxygen atoms. Consistent with previous theoretical and experimental results, the distorted B-layer termination is insulating 15, 17, 20 due to the charge and orbital ordering of Fe 2+ and Fe 3+ in the subsurface layers. 15, 17 The surface FeB(S) [and FeA(S-1)] are exclusively Fe 3+ [note the spherical spin density in Fig. 6(b) ]. 35 In the second B layer, in which the FeB(S-1) rows run at 90 • to the surface rows, two distinct oxidation states are discerned: Fe 3+ -like states, and those with a partial occupation of t 2g orbitals in the minority spin orientation (Fe 2+ -like states). The different states are paired along the FeB(S-1) row, producing an overall ( √ 2 × √ 2)R45 • symmetry matched to the lattice distortion in the surface B layer. The orbital order leads to a half-metal to insulator transition in the surface. 15, 17, 30 For the 0.5 ML FeA layer termination, a transition from insulating to half-metal character takes place (see total DOS). This is related to changes of the charge order in subsurface layers of the slab; the surface layers remain insulating. While in the B-layer termination, FeA(S-1) is Fe 3+ with a fully occupied minority d band (3d 5 occupation), an additional state is occupied in the majority spin channel at the Fe adatoms, denoted FeA(S) in the 0.5 ML FeA layer, corresponding to a 3d 6 (Fe 2+ -like) state. A similar transition from insulating to half-metallic behavior was observed in previous studies upon hydrogen adsorption on Fe 3 O 4 (001). 15, 30, 31 In contrast to the B-layer and 0.5 ML FeA layer surfaces, in which FeB(S) are all Fe 3+ , in the Fe-dimer and FeO terminations the FeB(S), FeB * (S) and FeA(S-1) atoms are reduced to Fe 2+ . For the FeB(S) this comes from an additional electron in the minority spin channel below the Fermi level, while for the FeB * (S) and FeA(S-1) an additional orbital in the majority spin channel is occupied. Both exhibit a strong deviation from the spherical spin distribution [ Fig. 6(b) ]. The FeO/Fe 3 O 4 (001) termination shows the largest gap in the surface layers, while states at the Fermi level originating from deeper layers lead to half-metallic behavior. The switch from tetrahedral (0.5 ML FeA) to octahedral (or fivefold) coordination (Fe dimer, FeO termination) leads to a change in crystal field splitting: the orbital character of the sixth electron in the 3d band changes from e g character in 0.5 ML FeA to t 2g in both at the Fe-dimer and FeO terminations.
A further interesting feature is the magnetic order between the Fe ions. Different orientations of magnetic moments are indicated by red and blue spin densities in Fig. 6(b) . In bulk The progressive surface reduction upon Fe deposition is visible in photoelectron spectroscopy. In Fig. 7 we show Fe (bottom) data acquired from a pure B-layer termination and a surface containing a high coverage of Fe dimers at both normal and grazing emission. The O 1s peak is reduced in intensity and shifted slightly to higher binding energy (0.2 eV) for the surface with Fe dimers. The Fe 2p 3/2 peak is shifted to lower binding energy and exhibits a satellite peak at 717 eV, consistent with an enhancement in Fe 2+ cations. The effect is more pronounced at grazing emission, indicating that the additional Fe 2+ is located at or near the surface.
2p and O 1s XPS spectra, acquired with nonmonochromatized Al Kα excitation, for the distorted B-layer termination and the Fe-dimer terminated surface. The data were acquired at normal emission, and 60 • from normal emission to be more sensitive to changes in the surface layer(s). The O 1s peak for the B layer appears as reported previously 18 with a binding energy of 530 eV with a slight asymmetry to the high binding energy side. 36 The O 1s peak for the Fe-dimer terminated surface shifts 0.2 eV to higher binding energy. The Fe 2p region has contributions from Fe 3+ and Fe 2+ cations at 711.4 eV and 709 eV, respectively. 37 The dominant contribution to the spectrum for the distorted B-layer surface comes from Fe 3+ cations, since only this oxidation state is present in the surface layer, 15 while the second B-layer is an ordered 50:50 mix of 2 + and 3 + like states. The Fe 2p spectrum for the Fe-dimer terminated surface is significantly more intense than the B layer, as expected since it contains additional Fe atoms. Furthermore, the Fe 2p 3/2 peak is shifted to lower binding energy and the shakeup satellite feature at 717 eV 37 is enhanced. Both phenomena are consistent with an increase in the Fe 2+ component in the surface layer.
IV. DISCUSSION
The results reported here clearly demonstrate the stability of Fe-rich terminations at the Fe 3 O 4 (001) surface. For RT Fe deposition, tetrahedral coordination of surface Fe is preferred ( Fig. 3 ), in keeping with the bulk structure. At low coverage, surface Fe atoms exclusively occupy the n site within the distorted B layer (see Fig. 1 ), maintaining the ( √ 2 × √ 2)R45 • symmetry of the underlying B layer (0.5 ML FeA termination; see Fig. 3 ). However, the DFT + U calculations show that incorporation of the excess FeA(S) atom leads to an increased separation of the neighboring O(S) and FeB(S) atoms; thus, essentially, the Fe atom creates its own local w site, allowing it to relax toward the surface. Above 0.5 ML coverage, Fe clusters form. This suggests that occupation of the second vacant tetrahedral site of the clean B layer [see Fig. 1(a) ] is highly unfavorable. This behavior is consistent with the instability of a 1 ML FeA termination predicted by the DFT calculations (see Fig. 2 ). A similar strong preference for the narrow FeA(S) site leads to the adatom templating observed for H, 18, 19 Au, 33 and Pd 34 atoms at the Fe 3 O 4 (001) surface, and an unusual adsorption mode for water that results in room temperature water splitting. 19 Annealing the surface to 423 K facilitates a conversion from tetrahedral to octahedral Fe coordination. At 1 ML Fe coverage, the Fe-dimer structure, which also exhibits ( √ 2 × √ 2)R45 • symmetry, becomes stable. Only at the highest coverage studied (2 ML Fe) is this symmetry modified; the vacant octahedral sites between the Fe dimers are filled, producing the FeO termination. It is important to note that it is impossible to distinguish the distorted B-layer, the 0.5 ML FeA, and Fe-dimer terminations by qualitative LEED. The same would also be true of the B-V O termination predicted by theory 30 (see Fig. 2 ); however, despite extensive attempts to produce such a surface by variation of the preparation conditions, a surface with a high concentration of oxygen vacancies has never been observed experimentally. In the absence of STM, some information about the surface Fe content can be garnered from Fe 2p XPS spectra, since all Fe terminations containing additional undercoordinated Fe atoms exhibit an additional Fe 2+ shoulder relative to the distorted B layer (see Fig. 7 ), although the relatively broad XPS peaks for the various Fe oxidation states makes a clear identification not straightforward. 37 Diffusion of isolated Fe adatoms in tetrahedral sites at RT [as seen in Fig. 3(a) ] is extremely rare, but is observed occasionally between neighboring n sites along the FeB row direction in STM "movies," where several sequential images were acquired from the same sample area (not shown). After annealing at 423 K (Fig. 4) , Fe dimers coexist with Fe monomers. Since our results indicate that the Fe dimer is clearly the favored configuration in equilibrium (i.e., at 573 K), kinetic limitations must prevent some Fe atoms finding a partner atom at 423 K. In Fig. 4(a) , Fe monomers are not found in octahedral sites, indicating that the conversion to octahedral coordination must be a concerted process requiring two Fe atoms. A monomer trapped between two dimers is unable to access a second Fe atom with which to form a dimer, indicating little or no cross-row diffusion at 423 K. At 573 K, kinetic limitations are removed as no isolated Fe atoms, only Fe dimers, are observed irrespective of initial Fe coverage.
Reduced terminations of Fe 3 O 4 may be important in technological and environmental applications since the stoichiometry of natural samples is often imperfect. The first observation of an "Fe dimer" was for an Fe 3 O 4 film grown on Fe(001)/MgO(001), 23 thus the source of additional Fe in the buffer layer likely stabilized the partially reduced termination. Slightly Fe-rich single crystal samples may also prefer reduced terminations. We expect the reduced Fe 3 O 4 (001) surfaces to be significantly more reactive than the distorted B-layer termination since they contain highly undercoordinated cations in the surface layer. However, since the additional Fe atoms effectively block the n sites, strongly preferred by adsorbates on the distorted B layer, most adsorption processes will be completely different between the surfaces. Thus care should be taken with the interpretation of data from spectroscopic techniques aimed at understanding the role of Fe 3 O 4 (001) in geochemistry and catalysis. Finally, our results suggest that antiferromagnetic FeO forms at the Fe 3 O 4 (001) surface on deposition. The presence of such a layer at the Fe/Fe 3 O 4 interface could explain recent reports of exchange bias in the ferromagnet/ferrimagnet Fe(001)/Fe 3 O 4 (001) system. 38
V. CONCLUSIONS
Reduced terminations of the Fe 3 O 4 (001) surface were prepared by evaporating different Fe coverages onto the thermodynamically stable distorted B-layer termination at RT, 423 K, and 573 K. The step-by-step reduction observed in this manner is consistent with the theoretical phase diagram, except for the calculated phase containing a significant density of oxygen vacancies, which is not observed experimentally. The structural, electronic, and magnetic properties of the different phases are elucidated using DFT + U calculations. Initially, the Fe rich surfaces conform to the ( √ 2 × √ 2)R45 • symmetry of the underlying substrate accommodating Fe in tetrahedral sites. The Fe-dimer surface, formed at two Fe atoms per unit cell, also exhibits ( √ 2 × √ 2)R45 • symmetry. The "Fe dimers" result from a switch to octahedral cation coordination; no direct Fe-Fe bond is formed. Only at four Fe atoms per unit cell is the symmetry modified with the formation of a buckled antiferromagnetic FeO(001) surface layer on top of Fe 3 O 4 (001).
